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Ablation rate dependence on laser fluence for copper subjected to oblique femtosecond laser
irradiation has been determined experimentally in order to investigate processing induced by
oblique irradiation. A difference of ablation rate between p-polarized and s-polarized oblique
irradiation is clearly observed. Effective penetration depth is defined to explain the ablation rate
dependence instead of using optical penetration depth, which is treated as a key value for
determining the ablation rate in conventional theory. The effective penetration depth for copper is
presented in simple formulas as a function of laser incidence angle for each polarization. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905353]
Femtosecond lasers are candidates for high value-added
processing of metals, particularly when minimal thermal
metamorphism,1,2 self-construction of characteristic surface
morphology,3–6 micromachining,7 or extremely shallow
ablation8,9 is desired. Ablation rate is a fundamental parame-
ter for controlling laser processing, such as drilling, scraping,
and cutting, and for estimating the damage threshold of opti-
cal components. Additionally, recent research has demon-
strated that the ablation rate is related to the formation of
laser-induced surface structures.10,11 For normal laser inci-
dence, the dependence of ablation rate on laser fluence has
been investigated for various metals, pulse widths, wave-
lengths, and atmospheric pressures.12–24 Three fluence
ranges (high, middle, and low) with distinct ablation rates
have been reported for all metals.12 In the conventional
theory derived from a one-dimensional two-temperature
model,25 ablation rates in high and middle fluence ranges are
expressed by the following equation:14
L ¼ llnðF=Fth; hÞ; Fth; h ¼ lEth=ð1 RhÞ; (1)
L ¼ dlnðF=Fth;mÞ; Fth;m ¼ dEth=ð1 RmÞ; (2)
respectively. Here, L is the ablation rate, l is the hot electron
diffusion length, d is the optical penetration depth, Eth is the
evaporation threshold energy per volume, F is the laser flu-
ence, Fth; h and Fth;m are the ablation threshold fluences for
the high and middle fluence ranges, and Rh and Rm are the
reflectance for high and middle fluences, respectively. The
parameters l and d correspond to the slopes of lines in a
semi-log plot of ablation rate as a function of fluence, and
the reflectance affects only the ablation threshold fluence. In
the conventional theory, hot electron diffusion length and
optical penetration depth have been treated as key values for
determining the ablation rate at high and middle fluences,
respectively,14 therefore, the slopes of the lines do not
depend on the reflectance. This logarithmic dependence has
been widely used to explain experimental results.14–17 On
the other hand, for oblique irradiation the ablation rate has
not been reported. Only ablation efficiency is discussed from
the point of view of absorptance dependence on laser inci-
dence angle and polarization.26–28 Assuming only that the
parameters l and d do not depend on laser incidence angle
and polarization, a discussion limited to absorptance depend-
ence is valid. However, the measurements reported in this
paper reveal that the parameter d behaves differently from
the theoretically obtained optical penetration depth. The
ablation rate dependence on laser fluence for oblique irradia-
tion would give us fundamental knowledge to help us
understand the femtosecond laser-metal interaction and the
mechanisms of ablation phenomena depending on laser inci-
dence angle such as laser-induced surface morphology29–31
and ion emission.32–34
In this paper, the dependence of the copper ablation rate
on laser fluence is reported for normal incidence and for
various incidence angles with p- and s-polarizations. The
obtained ablation rates for oblique incidence show logarith-
mic dependence as for normal incidence. However, differen-
ces in ablation rate dependence on incidence angle and
polarization cannot be explained only by the optical absorp-
tance calculated by Fresnel equations. The parameter d
corresponding to the optical penetration depth in the middle
fluence range depends strongly on the incidence angle and
polarization, in contrast to the theoretically calculated optical
penetration depth, which depends only minimally on inci-
dence angle. Ablation efficiency in the middle fluence range
is discussed not only in terms of absorptance but also effec-
tive penetration depth.
The target is mechanically polished bulk copper
(99.99% pure), which is attached to a mirror holder mounted
on translation stages in air. The arithmetic mean roughness
of the target is less than 2 nm. The accuracy of the target sur-
face position is 65 lm, which was confirmed by a laser dis-
placement sensor (LK-G15, Keyence). For this study, 10Hz
laser pulses are provided from a chirped pulse amplification
T6 laser system (ICR, Kyoto University). The pulse duration
is 45 fs and the center wavelength is 805 nm. The s- and
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p-polarized laser pulses are focused with a lens (f¼ 100mm)
onto the target at incidence angles h of 0, 25, 45, and 70
relative to the target normal. To avoid air breakdown and
nonlinear effects in air for high fluence irradiation, the target
is placed 0.5mm forward from the focal position. The laser
pulses have a Gaussian spatial profile, with an average spot
size of 40 lm at 1/e intensity, measured at the target surface
position at normal incidence. The effective spot size at
oblique incidences is evaluated by dividing the spot size by
cos h. Laser fluence is determined by the effective spot size
and the energy of the incident laser pulse. The laser fluence
is controlled from 0.05 to 2.5 J/cm2 by using a polarizer
together with a half-wave plate to change the laser energy.
Laser pulses are split by a quartz plate, and reflected pulses
are guided to a photodiode to monitor the energy stability
of pulses. The standard deviation of energy stability is kept
within62.5% in this experiment. The polarization extinction
ratio is greater than 200. The depths of ablation craters are
measured with a confocal laser scanning microscope (HL-
150, Lasertec). The number of irradiated pulses is controlled
for each fluence to make a crater deep enough to be measura-
ble; this requires between 50 and 230 000 pulses. At normal
incidence, the crater is deepest at its center. However, the
position of the deepest point shifts in the laser propagation
direction at oblique incidences. Here, the ablation rate is
defined by the depth at the deepest position divided by the
number of irradiated pulses.
Figure 1 shows the ablation rates for different laser inci-
dence angles with p-polarization (Fig. 1(a)) and s-polariza-
tion (Fig. 1(b)). The ablation rate at normal incidence is
shown in both panels for comparison. For p-polarization, the
ablation rates do not depend on the laser incidence angle
when the fluence is greater than 1 J/cm2. However, as the
laser fluence decreases, the ablation rates become slightly
larger at oblique incidence angles than at normal incidence.
By contrast, the ablation rates for s-polarization show a qual-
itatively different relation with laser fluence. The ablation
rates decrease rapidly as the incidence angle is increased in
all fluence ranges, and particularly with a fluence of less than
1 J/cm2. For large incidence angles, the ablation rate
decreases markedly as the angle is increased when the flu-
ence is less than 0.7 J/cm2. Compared with the ablation rate
at normal incidence, the ablation rate due to an s-polarized
laser at 70 incidence is two orders of magnitude lower for
fluences less than 0.7 J/cm2.
Figure 2 shows the ablation rate dependence on laser
fluence for normal incidence and for oblique incidence,
respectively. The solid lines and dashed lines show the least-
squares fitting by Eq. (1) and Eq. (2) in the high and middle
fluence ranges, respectively. The ablation rate dependences
for oblique incidence as well as the ablation rate dependence
for normal incidence are well fitted by logarithmic expres-
sions. The fitted parameter values for normal incidence,
namely, Fth; h¼ 0.39 J/cm2, Fth;m¼ 0.16 J/cm2, l¼ 58 nm,
and d¼ 6.7 nm, are similar to those in other reports.8,14 The
values obtained for oblique incidence are listed in Table I.
The small variation in slopes of the solid lines in Fig. 2
means that the differences in values of l are small. The small
differences are reasonable given that ablation in the high
fluence range is determined by the thermal diffusion of hot
electrons, as is also the case for normal incidence. Thermal
diffusion takes a much longer time than a single pulse.
Under the assumption that the laser pulse is merely an energy
source, the behavior of hot electrons is independent of the
laser incidence angle and polarization. In contrast, the slopes
of the dashed lines are quite different from each other. The
values of d vary widely, and dependence on incidence angle
differs between s- and p-polarizations. As the incidence
angle is increased, the value of d for p-polarization (dp) and
s-polarization (ds) changes from 6.7 to 21 nm and from 6.7
to 0.47 nm, respectively. When light travels into metal from
air, the theoretical optical penetration depth as a function of





n þ ijð Þ2  sin2h
q  1
; (3)
where x is the angular frequency of light, c is the speed of
light through vacuum, and n and j are the refractive index
FIG. 1. Ablation rate dependence on laser fluence for (a) p-polarization and
(b) s-polarization. The common ablation rate at normal incidence is shown
in both panels.
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and extinction coefficient of the metal, respectively. The
function Im gives the imaginary part of a complex number.
It is noteworthy that the optical penetration depth is inde-
pendent of laser polarization, and the reduction of laser
intensity depends only on the depth from the surface, even if
the transmitted light propagates obliquely. The optical pene-
tration depth given by Eq. (3) is 12.5–12.3 nm for incidence
angles 0–90 with a wavelength of 805 nm (n ¼ 0:25,
j ¼ 5:1).35 Although the optical penetration depth depends
only minimally on the incidence angle, the slopes of the
dashed lines in Fig. 2 are different from each other. Two
explanations are considered to account for the disagreement
between the optical penetration depth and the value of d.
One is that unknown effects alter the optical penetration
depth according to incidence angle. Equation (3) is derived
from the boundary condition between different mediums for
a general electromagnetic wave. Here, the effect of the high
intensity and short pulse duration of the femtosecond laser
have not been taken into account. An alternative explanation
is that the optical penetration depth is unrelated to ablation
rate at middle fluences. Instead, the key value for determin-
ing the scale of the ablation rate at a middle fluence might be
another length parameter. The dependence of ablation rate
on incidence angle and polarization as obtained in this
experiment suggests the existence of some undiscovered fac-
tor for ablation in the middle fluence range. Hereinafter, d
will be regarded as an effective penetration depth because it
is unlikely that d corresponds to the optical penetration
depth. The relations between effective penetration depth d
and the incidence angle for p- and s-polarizations are plotted
in Fig. 3. Though the electric field at normal incidence and at
oblique incidences with s-polarization consists of only the
component parallel to the surface, the electric field for
oblique incidence angles with p-polarization includes com-
ponents orthogonal to the surface. Under the assumption that
an electric field orthogonal to the substrate contributes to
ablation, the change in dp might be proportional to sin h. The
dashed curve in Fig. 3 is obtained by fitting d0 þ A sinNh by
the least-squares method, which yields the values A¼ 16 and
N¼ 1.1. Here, d0¼ 6.7 nm is the effective penetration depth
at normal incidence. Therefore, the effective penetration
depth for p-polarization can be approximated as
dp ¼ d0 þ A sin h: (4)
For s-polarization, the electric field is parallel to the target
surface, and the effective penetration depth decreases as the
incidence angle is increased. Simple drilling in the direction
of laser propagation will result in a depth-to-length ratio pro-
portional to cos h. The solid curve shown in Fig. 3 is
obtained by fitting d0 cos
Mh to the effective penetration
FIG. 2. Ablation rates for (a) normal
incidence, for p-polarization at (b) 25,
(c) 45, and (d) 70 incidence, and for
s-polarization at (e) 25, (f) 45, and
(g) 70 incidence. Solid and dashed
lines were fit by the least-squares
method to Eqs. (1) and (2), respec-
tively. Fitting parameter values are
listed in Table I.
TABLE I. Parameter values for ablation rates obtained by least-squares
fitting.
Polarization and
incidence angle 1 (nm) Fth, h (J/cm
2) Rh d (nm) Fth, m (J/cm
2) Rm
0 58 0.39 0.37 6.7 0.16 0.82
s-polarization 25 48 0.37 0.45 5.2 0.16 0.86
s-polarization 45 69 0.51 0.43 2.2 0.18 0.95
s-polarization 70 59 0.66 0.62 0.47 0.25 0.99
p-polarization 25 48 0.32 0.37 12 0.17 0.70
p-polarization 45 57 0.41 0.41 20 0.20 0.58
p-polarization 70 54 0.39 0.42 21 0.20 0.56
FIG. 3. Relation between effective penetration depth d and incidence angle
for p-polarization (gray squares) and s-polarization (black diamonds). Solid
and dashed curves show d0 cos
3:0h and d0 þ 16 sin1:1h, respectively.
013101-3 Miyasaka et al. Appl. Phys. Lett. 106, 013101 (2015)
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
130.54.110.71 On: Fri, 03 Apr 2015 06:50:25
depth of s-polarization by the least-squares method, which
gives M¼ 3.0. From this, the effective penetration depth of
copper for oblique incidence with s-polarization can be
approximated as
ds ¼ d0 cos3h: (5)
This shows that ablation by s-polarized laser pulses are
strongly suppressed as the incidence angle increases.
In Eqs. (1) and (2), the values of reflectance determine
only the ablation threshold fluence. Though it is ambiguous
that the parameter d is related to optical penetration depth,
the independence of reflectance and penetration depth is rea-
sonable since the penetration is assessed after transmission.
The evaporation threshold energy per volume Eth is
42.2 kJ/cm3 for copper.13 The values of Rh and Rm are listed
in Table I. The reflectance is strongly influenced by surface
morphology.36,37 The craters produced by ablation are cov-
ered in many nano- and micro-structures because multi-pulse
irradiation is used to create a crater deep enough to be meas-
ureable. The difference between Rh and Rm suggests that the
surface morphology created by high fluence irradiation
absorbs more than that created by middle fluence irradiation,
as has been reported previously.36 Figure 4 shows the
dependences of reflectance on incidence angle for ideal
copper, as calculated by the Fresnel equations for p- (dashed
curve) and s-polarizations (solid curve), and the values of Rm
for p- (gray squares) and s-polarizations (black diamonds).
The dependences of Rm on incidence angle show qualita-
tively the same trends as the Fresnel equations, but the abso-
lute values are different. This suggests that the reflectance
follows the Fresnel equations in the middle fluence range,
and that the surface morphology created by middle fluence
irradiation modulates reflectance.
The dependence of ablation rate on incidence angle and
polarization mode was investigated for copper. The ablation
rate at oblique incidence angles showed a logarithmic
relation, as did the ablation rate at normal incidence. In the
high fluence range, the observed dependence of the ablation
rate can be explained by the hot electron diffusion length for
all irradiation conditions. However, the ablation rate in the
middle fluence range exhibited a different dependence from
that predicted theoretically using optical penetration depth,
as shown in the difference in the slopes of dashed lines in
Fig. 2. As the incidence angle was increased, the ablation
rate increased slightly for p-polarization but decreased rap-
idly for s-polarization. The dependence of reflectance on the
incidence angle as estimated from a logarithmic expression
for the middle fluence range agrees qualitatively with that
obtained from the Fresnel equations. In the middle fluence
range, the dependence of ablation rate on laser fluence for
irradiation at oblique incidence angles (including at normal
incidence) for p- and s-polarizations were found to be
Lp ¼ ðd0 þ A sin hÞlnðF=Fth;mÞ;
Ls ¼ d0 cos3hlnðF=Fth;mÞ;
respectively. These simple formulas for copper should be
useful for future studies of laser processing and optics
damage.
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